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Figure 5. P1dB points as a function of waveguide length for optical wavelengths from 1.55 pm to 2.2 um for (a) strip
waveguides and (b) rib waveguides. Data points for longer wavelengths fell outside of the scope of the considered simulation
range and thus were not included in this analysis.

One figure-of-merit applied to components of MWP circuits is the P1dB point, which determines the linear operating
regime of that component. The P1dB point is defined as the output power at which the loss of the component reduces to 1
dB below the input power, when distortion effects become impermissible to be used in practical designs. The P1dB point
restricts the dynamic range as a function of bandwidth B and total output noise power spectral density Ny given by:®
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The P1dB point was calculated for a wide range of waveguide lengths and optical wavelengths for both strip and rib
waveguide designs, and those results are shown in Fig. 5. Although the spurious-free dynamic range (SFDR) of current
IMWP systems are below the Compression Dynamic Range (CDR) imposed by the waveguides, as modulators are
improved and SFDR is increased, eventually the limiting factor for the dynamic range of photonic circuits will no longer
be the SFDR of the modulator, but rather the CDR of the waveguides themselves.

Furthermore, TPA presents a more insidious danger to engineers designing IMWP circuits. Although one may find
reported in the literature the dynamic range of some component, that component was likely tested using a photonic circuit
of some very short length, as it would only contain the component under test. When a practical circuit is designed, where
many functionalities are required, the total circuit length can become much longer, leading to a device with a practical
dynamic range much lower than expected, and this reduced dynamic range would only be discovered after the entire circuit
has been fabricated unless the designer has already considered how TPA would limit the dynamic range. However, as
mentioned previously, if the optical wavelength of the light used in an SOI circuit is greater than 2.2 um, then TPA can be
avoided completely, and so TPA-induced compression will not reduce the dynamic range of IMWP devices even at high
nput power.

4.1 Further Discussion

As the state-of-the-art progresses, these results suggest MWP systems utilizing the strip waveguide design will be the first
to observe TPA-limited dynamic ranges, followed by those using the rib design. However, if the operating wavelength
used by MWP systems migrates from 1.55 pm to beyond 2.2 um, the TPA problem can be avoided completely.

It should be noted that researchers have found some useful applications for the TPA effect, such as for designing an all-
optical modulator' or optical logic gates.? If a circuit designer seeks to leverage TPA for applications such as these, they
should find success using Ge rather than Si, since Ge exhibits a TPA coefficient approximately 1000X stronger than that
of Si, as can be seen in Fig. 2.
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Figure 6. Diagram outlining some of the advantages of the “Goldilocks Zone” operating wavelength range for SOL

Figure 6 shows that there exists a “Goldilocks Zone” for SOI where, on the one hand the operating wavelength is high
enough to avoid parasitic TPA and, on the other hand the wavelength is not so high such that the SiO; insulator becomes
lossy. Furthermore, the Goldilocks Zone has the added advantage of being able to leverage Germanium-on-Silicon
components, which can take advantage of some of Germanium’s optical properties such as its nonlinear response which
is much stronger when compared to Silicon. It should be noted that low-loss Silicon waveguides have already been
demonstrated in the Goldilocks Zone.*!?

Since the SOI platform has been developed for operation at 1.55 um, there may be concern that by migrating to the
Goldilocks Zone beyond 2.2 um there will be a lack of materials to be used for active devices for both integration and
testing purposes. One candidate for active devices in the Goldilocks Zone is found in the Group IV SiGeSn material
system. The SiGeSn system theoretically allows for arbitrary compositions of Silicon, Germanium, and Tin. The possibility
for arbitrary compositions means SiGeSn constitutes a flexible material system with both indirect bandgap and direct
bandgap capabilities which can be tuned to cover the entire Goldilocks Zone. These capabilities along with the fact that
chemical vapor deposition growth of GeSn is a low-cost, low-temperature process suggest that the SiGeSn system may be
the optimal material for both on-chip and off-chip active devices.!!"12

5. CONCLUSIONS

These simulation results suggest that the dynamic range of MWP systems will be limited by TPA as these systems are
equipped to handle high-power signals. For the waveguide designs considered in this study, the linear operating range of
waveguides defined by the P1dB point are limited to 46.7 mW and 902 mW of input power for 100 mm strip and rib
waveguides operating at 1.55 pm, respectively. Due to the FCA effect, which was not considered in these simulations, it
is expected that experimental results will demonstrate linear operating ranges which are even more restricted by TPA,
particularly for waveguides demonstrating lower linear loss characteristics.

Development of group IV active devices to cover the Goldilocks Zone is already under way. GeSn electrically injected
light emission has already been demonstrated on the SOI platform.!* Near-room temperature (270K) optically pumped
lasing has also been demonstrated using the SiGeSn material system using waveguide lasing structures designed with Si
photonics integration in mind.!*!* Furthermore, high-speed photodetection utilizing a GeSn/Ge multiple quantum well
(MQW) photodiode has already been demonstrated on Si substrate at 2 um operation,'® and GeSn/Ge MQW photodetectors
have been demonstrated which cover the 2.2 pm to 2.5 pm Goldilocks window with less than 10% Sn incorporation
required.!” These recent results suggest that the group IV material system is a promising candidate for developing active
devices on SOI operating beyond 2.2 pm, where the TPA problem can be avoided completely.
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